p53 regulates a broad range of processes in cells exposed to various stresses. Although, in unstressed cells, p53 is maintained at low levels, it is unclear if these low levels of p53 have any functional roles. Thus, we investigated the roles of basal levels of p53 using a single-cell lineage tracking technique. We compared the spatiotemporal responses of p53-proficient cancer cells with cells in which p53 gene expression had been silenced. We found that the p53-proficient cell population included a subpopulation of fast-growing cells with a shorter cell-doubling time than other slowgrowing cells. p53 silencing reduced the cell-doubling time of the slow-growing cells, thus converting them to faster growing cells. In contrast, the growth rate of the fast-growing cells was unaffected by basal levels of p53, suggesting that growth of slow-growing but not fast-growing cells were regulated by p53 levels. In addition, silencing p53 increased the incidences of multipolar cell division and cell death among the slow-growing cells. These results suggest that basal levels of p53 act to maintain a balance between the fast-and slow-growing cell subpopulations and to suppress the occurrence of abnormal cellular events. We therefore propose that basal levels of p53 help to control cell population homeostasis by regulating the growth and maintaining the integrity of slow-growing cells.
Introduction
The p53 global network regulates various processes, including cell cycle checkpoint control, the DNA damage response pathway, apoptosis, autophagy, and metabolic checkpoint control (1). This network governs the ability of p53 to respond flexibly to cellular stresses (1). For example, cell cycle progression can be blocked at G1/S or the G2/M boundary following the detection of double-strand DNA breaks through stabilization of p53 in cells exposed to genotoxic stress (2) (3) (4) (5) (6) (7) (8) . If the breaks cannot be repaired, apoptosis is then induced by a p53-mediated mechanism (9, 10) . These responses are essential for preventing the propagation of cells carrying gene mutations, thereby counteracting the expansion of tumor cells (1). Activation of these pathways requires exposure to high doses of genotoxic substances that stabilize p53 (8, (11) (12) (13) , while basal levels of p53 in cells under physiological conditions are maintained low, via an Mdm2-mediated mechanism (11) (12) (13) . However, silencing of p53 in mouse embryonic cells reduced cell cycling time (14) , suggesting that basal levels of p53 may also have a function, though the roles remain unclear.
We previously developed a novel, chronological, single-cell-lineage tracking system to analyze heterogeneity among cultured cells at the single-cell level by continuous recording of cellular events and movements of live cultured cells using differential contrast imaging (DIC) (15) . Resulting live cell imaging videos, which contained multidimensional information, including morphology of cells, position of individual cells within a cell population and types of cellular events occurred in a cell. This approach allowed us to extract critical information of individual cells by performing single-cell tracking and creating cell-lineage database. We therefore adopted this system to investigate the role of basal levels of p53 by monitoring and comparing the spatiotemporal responses of p53-proficient A549 lung carcinoma cells and p53 gene-silenced A549 cells. We also examined the responses of cells to non-lethal genotoxic stress. Although high doses of ionizing radiation and radiomimetic agents have been used to induce double-strand DNA breaks and stabilize p53 (3, 4, 16) , they also generate extensive single-strand DNA breaks and various types of DNA base damage (17) . We therefore used the alkylating agent, N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), at a concentration of 1.75 µM (MNNG1.75), which is non-cytotoxic in A549 cells, to study the responses of the cells to non-lethal stress induced by DNA base damage.
Results

Single-cell-lineage tracking analysis of p53 gene-silenced A549 cells
Cells were transfected with scrambled small interfering RNA (siRNA) (Control cells) or p53 siRNA using a lipid-cased transfection method to silence p53 expression (p53(-) cells), and both cell types were exposed to MNNG1.75 (Control+MNNG1.75 and p53(-)+MNNG1.75) (see Movies S1-4). We confirmed that > 99% of cells incorporated siRNA by monitoring the formation of lipid droplets (see Movie S5). We designated the time that tracking started as Time 1, and cells identified at Time 1 were referred to as progenitor cells. We created a cell-lineage database and maps based on the tracking data, and found that the fates of the A549 cells varied (see Figs. S1-4), as shown previously for cervical cancer-derived HeLa cells (15) .
Reduced cell-doubling time of p53(-) cells
We analyzed the effects of p53 gene silencing on the cell-doubling time of individual A549 cells.
The results obtained from the analyses of cell-lineage databases corresponding to videos created by two independent live-cell imagings are shown in Fig. 1A (imaging 1 and 2). The mean cell-doubling times of p53(-) cells in both analyses were consistently shorter than that of Control cells, confirming the reproducibility of the analysis (18) . We thus created one Control and one p53(-) cell-lineage database by merging the databases created by the two independent imagings, and used these for the following analyses. The mean cell-doubling times for Control and p53(-) cells determined by the merged database were 2204 and 1944 min, respectively ( Fig. 1B) . We also determined the mean cell-doubling times by curve fitting using a Gaussian distribution, and the times for Control and p53(-) cells were 1,819 min and 1,588 min, respectively ( MNNG-treated Control and MNNG-treated p53(-) cells, while the doubling times of these treated cells were significantly longer than those of untreated Control and p53(-) cells ( Fig. 1B ), suggesting that low-level alkylated base damage prolonged cell-doubling times of A549 cells, regardless of the presence or absence of basal levels of p53.
Cell-doubling time of p53(-) progenitor cells and their progeny
We assessed the duration of the p53-silencing effect by determining the cell-doubling times of the progenitor cells, and their daughter and granddaughter (GD) cells. As defined above, progenitor cells were cells identified at Time 1, and were thus produced prior to or during siRNA treatment. We thus determined cell-doubling times by analyzing videos taken during siRNA treatment. The cell-doubling time of p53(-) progenitor cells was significantly shorter than that of Control cells ( Fig. 2A) .
Furthermore, the cell-doubling times of p53(-) daughter and GD cells were also significantly shorter than their control counterparts (Fig. 2B ). The cell-doubling times of both Control and p53(-) GD cells were significantly longer than those of their respective daughter cells, possibly due to the increased cell density. Nonetheless, the effect of p53 silencing was maintained through at least two cell divisions and silencing p53 consistently shortened the cell-doubling times. Cell growth curves determined after in silico cell cycle synchronization ( Fig. 2C ) showed a significant increase in p53(-) cells ( Fig. 2D and E), confirming that the reduced cell-doubling time of p53(-) cells resulted in their increased growth.
Analysis of multipolar cell division, cell death, and cell fusion
To gain further insights into the events induced by p53 silencing, we investigated if p53 silencing induced tripolar cell division, cell death, or cell fusion in A549 cells, given that tripolar cell division (19, 20) , cell death, and cell fusion were previously reported to occur during the proliferation of HeLa cells (15) . We determined the number of bipolar cell divisions as a reference, and showed that there were significantly more bipolar divisions in p53(-) compared with Control cells ( with increased cell growth ( Fig. 2D and E). Multipolar spindle formation has been reported to occur frequently in p53-deficient cancer cells, and tripolar cell division has also often been reported in malignant cancer cells (21) (22) (23) (24) . Interestingly, the frequency of tripolar cell divisions was significantly increased by p53 silencing (Fig. 3B ), while cell death was also significantly increased ( Fig. 3C ).
Furthermore, cell death in p53(-) cells (Movie S6) was distinct from that induced in Control cells by exposure to high-dose MNNG (40 µM; Movie S7). Finally, p53 silencing also increased cell fusion, which could affect cell ploidy (Fig. 3D ). These results suggest that, in addition to regulating the celldoubling time, basal levels of p53 also have a function in suppressing abnormal cellular events.
Analysis of cell subpopulations
Our results suggest that p53 silencing resulted in a reduction of cell-doubling time, and increases in tripolar cell division, cell death, and cell fusion. As noted above, A549 cells comprise cells with different growth abilities (Figs. S1-4), and it is not clear if the above reduction and increase occurred in a specific subgroup of A549 cells. We therefore grouped progenitor cells on the basis of the numbers of progeny present at 5,980 min (Group A, 0-1; B, 2-3; C, 4-5; D, 6-7; and E, ≥ 8 cells) (Table 1) . As shown in Fig. 4 A and B , the most rapidly-growing cells belonged to Group E, which increased from 10.75 (total number of cells at Time 1 normalized by 100) to 92.75 cells (8.3-fold increase) during 5,980 min of cell culture ( Fig. 4A ; Table 1 ); p53(-) Group E cells were more abundant than Control cells at Time 1 (19.95 cells) ( Fig. 4B ; Table 1 ), suggesting that less-fast growing cells (Groups A-D cells) were converted into fast-growing cells by p53 silencing. These Group E cells were thus composed of cells that already had a fast-growing ability and cells in which the growing ability was 
Cell division times of daughter cells
To gain further evidence to support a role for basal levels of p53 in the growth of slow-growing but not fast-growing cells, we compared differences in cell-doubling times among daughter cells. If basal p53 levels affected the cell-doubling time of slow-growing cells, we anticipated that the cell-doubling times of individual cells would vary, as the levels of regulation would differ. We would therefore expect slow-growing Control daughter cells to show larger differences in cell-doubling times than p53(-) cells and Group E Control cells ( Fig. 5A ). Indeed, differences in cell-doubling times were significantly larger among Group C Control cells compared with p53(-) cells ( Fig. 5B Group C, Control vs p53(-)), indicating that basal p53 levels played a role in controlling cell-doubling time in this group. The mean difference in cell-doubling time in Group D control cells was lower than that in Group C cells, and this was further reduced in Group E cells. Furthermore, there was no significant difference between in cell-doubling time differences between Group E Control and p53(-) cells. These results suggest that basal p53 levels had no major impact on the growth of Group E cells, distinct from Group C cells, and consistent with the results shown in Fig. 4C .
Responses of p53(-) cells to exposure to MNNG1.75
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MNNG1.75 significantly increased the cell-doubling time of both Control and p53(-) cells (Fig. 1D ).
We therefore explored the effect of exposure of cells to non-cytotoxic low-dose MNNG1.75, and showed that this dose reduced the numbers of progeny of both Control and p53(-) cells in Groups D and E (Table 1) . Importantly, this dose of MNNG1.75 did not increase cell death (Fig. 3C) , indicating that the reductions in Group D and E cells were due to suppression of cell growth, rather than increased cell death (Table 1) . Furthermore, MNNG1.75 significantly increased the differences in cell-doubling times of both Control and p53(-) cells (Fig. 5B ), suggesting that basal levels of p53 were not involved in the response to non-cytotoxic levels of base damage.
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Discussion
In the present study, we demonstrated that the growth and integrity of A549 lung carcinoma cells were controlled by basal levels of p53 (Fig. 5C ). Normal (p53-proficient) cells are composed of subpopulations of cells with different doubling times. The growth of most of these cells (slow-growing cells) is controlled by basal levels of p53 through regulation of their cell-doubling time, while the celldoubling time of the other, fast-growing cells is unaffected by basal p53. Removal of basal levels of p53 reduces the cell-doubling time of the slow-growing subpopulation, thus increasing the proportion of fast-growing cells. We previously reported that HeLa cells contained a fast-growing cell population (about 3%-7%) (15) . If all the progeny of fast-growing cells retained a high proliferative ability, the overall growth rate of cells would be expected to increase at every cell passage; however, no such increase occurs. We therefore previously proposed that some progeny of fast-growing cells are converted into slow-growing cells, thus maintaining a constant fast-growing cell population. This pattern of cell growth whereby cells produce both fast-growing progeny to replace themselves, as well as slow-growing progeny, resembles the situation in stem cells, and we therefore referred to these cells as putative cancer stem cells (15) . The presence of fast-and slow-growing cells allows the cell population to maintain its homeostasis by balancing the rate of self-renewal of stem cells and the production of "differentiated" cells. Although A549 cells are cancer cells, it is possible that they may retain characteristics of their ancestral normal lung tissue cells, such that if fast-growing A549 cells are defined as putative cancer stem cells, slow-growing A549 cells may correspond to some type of differentiating cells. We thus propose that basal levels of p53 may play a role in controlling cell population homeostasis by regulating the growth of the slow-growing cells.
We also found that removal of basal p53 levels increased tripolar cell division, cell death, and cell fusion among slow-growing cells (Fig. 5C, p53 deficient cells) . The p53 gene is known to be mutated in > 50% of malignant human cancers, which also frequently show tripolar cell division (22) (23) (24) (25) (26) . Our results were therefore consistent with earlier observations, and imply that basal levels of p53 may also Rancourt et al. 11 help to maintain the integrity of slow-growing cells and p53 gene mutations occurred in slow-growing cells may result in the formation of malignant cells. It is also plausible that p53 gene mutations occur in fast-growing cells and the effect of the mutations became evident upon "differentiation" of fastgrowing cells into slow-growing cells. Nevertheless, it may be critical to understand the process, through which DNA damage formation leads to p53 gene mutations in the slow-and/or fast-growing cells to further reveal a link between the loss of p53 function and malignant tumor formation.
Our results also suggest that basal levels of p53 are not involved in the cellular response to nonlethal levels of alkylated base damage, as the formation of the levels of base damage suppressed growth of both Control and p53(-) cells (Fig. 5D ). High doses of genotoxic substances, e.g. ionizing radiation and radiomimetic agents (3, 4, 16) , have frequently been used in the study of p53; however, these substances produce large amounts of base damage and single-strand DNA breaks, in addition to more minor double-strand DNA breaks, which activate p53-dependent DNA-damage responses (8, 16, 27, 28) . These base damage and single-strand DNA breaks do not necessarily directly activate p53mediated responses, thus, while p53-mediated responses are induced by the formation of double-strand DNA breaks, cellular function may be severely influenced by other forms of damage, given that even non-lethal levels of alkylated base damage significantly suppress growth of Control and p53(-) cells.
However, it would be interesting to consider if the lack of p53-mediated responses to base damage, including the pre-mutagenic DNA lesions, O 6 -alkylguanine and 8-hydroxyguanine (29) (30) (31) , allow the induction of p53 gene mutations, such that p53-mutated malignant tumor cells may be produced as a result of exposure to alkylating agents or reactive oxygen species.
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Materials and Methods
A549-luc-C8 cells were purchased from Xenogen Corporation and cultured in RPMI containing 10%
fetal bovine serum in a humidified 5% CO 2 . To plate cells onto a coverglass Lab-Tek 8 well chamber, 50 µl of A549 cell suspension containing 3500 cells were placed at the center of each well and left until cells attached to the coverglass surface. Then, 0.75 ml of culture medium was added to each well. The Lab-Tek 8 well chamber was placed on a microscope stage after 24 h of plating and lipofection of p53 siRNA or scrambled control RNA (New England Bio Labs) was performed. After 24 h of treatment, cells were exposed to MNNG1.75 (Sigma-Aldrich) for 30 min in serum-free RPMI, and the medium was replaced with fresh RPMI containing 10% fetal bovine serum.
Long-term live cell imaging and data analysis
Quorum WaveFX Spinning Disc Confocal System (Quorum Technologies Inc., Canada) with Leica microscope controlled by Volocity v4.0 was used for long-term live cell imaging. DIC images were taken through HCX PL APO 40x oil objectives (NA=1.25) by using a Halogen lamp as a light source. Cells that were grown on a coverglass Lab-Tek 8 well chamber were then placed on a microscope stage and were cultured using an environmental chamber at 37ºC with 7.5% humidified CO 2 (Pathology Devices Inc, MD). In each well, a two-dimensional image acquisition array (fields of view: FOVs) was made to cover the area of interest (15) . XY positions of FOVs were then registered using Volocity v4.0. DIC images were captured every 10 min from + 10 to -10 µm of the focal plane at every 1 µm using piezo focus drive. Exposure time was normally 34 msec. To make time-lapse movies, focused images were selected from 21 z-plane image files. Volocity image sequence files were used to select the optimal focal plane for each FOV. Then, the image sequence files were split into independent files to select focal plane files. After the selection, files containing focused image were assembled into a movie using QuickTime Player Pro. Live cell imaging started at the beginning of siRNA treatment, and continued during the treatment of cells with serum-free medium or the medium with MNNG1.75. Then, after the replacement Rancourt et al. 13 of the medium to RPMI containing 10% fetal bovine serum, imaging was continued for 5,980 minutes (99.7 hours). Cell tracking was started at the end of the treatment with serum-free medium or the medium with MNNG1.75, and the time that started the tracking is designated as Time 1. Panorama views of Time 1 were prepared and cell lineage numbers were assigned to cells in a selected area (15) . After assigning the cell lineage numbers, each cell was tracked using QuickTime Player Pro and the time points that mitosis, bipolar cell division, tripolar cell division, cell death and cell fusion occurred in each cell were determined. To draw cell lineage maps and process data, C/C++ programs were written. About 200 each of progenitor cells were selected from imaging videos that were created by independent long-term live cell imaging, and total 200-400 progenitor cells and its progeny were tracked. In the single-cell lineage tracking analysis, a multi-well chamber was used to simultaneously obtain images of Control and p53(-) cells, as well as cells exposed MNNG1.75, so that alterations occurring in the cells can be accurately analyzed.
Determination of cell-doubling times
We used a cell-lineage database to determine cell-doubling times of individual cells. The time when In the case of progenitor cells ( Fig. 2A) , these cells were produced prior to or during siRNA treatment.
Thus, we determined Time A by analyzing videos taken during siRNA treatment.
Statistical analyses of cell-doubling times
Cell-doubling times were analyzed by Student's t-tests (unpaired and two-tailed) or one way ANOVA using Prism 7.
Statistical analyses of cell growth
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The number of progenitor cells and/or progeny of each cell lineage found at 5980 min was determined.
The data were analyzed by one way ANOVA using Prism 7.
Statistical analyses of cellular events
The number of bipolar cell division, tripolar cell division, cell death, and cell fusion occurred in each cell lineage found at 5980 min was determined. The data were analyzed by or one way ANOVA using Prism 7.
Rancourt et al. 18 calculated and compared by One way ANOVA; ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Results shown as mean ± SEM. 
Figure legends
No. of cells (5980 min) 3)
No. of cells (1 min) 2) No. of cells (5980 min) 3) No. of cells (1 min) 2) No. of cells (5980 min) 3) No. of cells (1 min) 2) No. of cells (5980 min) 1) Progenitor cells were grouped on the basis of the numbers of progeny present at 5,980 min (Group A, 0-1; B, 2-3; C, 4-5; D, 6-7; and E, ≥ 8 cells).
2) The numbers of progenitor cells present at 1 min are shown. The initial number of cells was normalized by 100.
3) The numbers of cells at 5980 min are shown.
Rancourt et al. 
